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(54) Title: TUNABLE EXTERNAL CAVITY DIODE LASER 




(57) Abstract 



An external cavity laser system composed of a semiconductor diode laser ( 10), a temperature control (30) and injection current control 
(40) means the diode laser, an external cavity (60) with a wavelength selector and means for controlling the laser temperature (20), laser 
injection current and the wavelength selector (1 10) to obtain arbitrary frequencies within the tuning range of the laser. 
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relatively small amount of tuning may be achieved by varying temperature and injection 
current of the solitary lasers. They also lase at higher threshold currents than do ECLs , 
which is due to their relatively lower lasing efficiency resulting from the absence of an 
additional reflector provided by an external cavity. The lower lasing efficiency is evident 
in the comparison of the greater threshold injection currents required to cause lasing in the 
solitary lasers. 

Present uses of ECLs include spectroscopy and fiber optic test equipment. ECLs 
are particularly well suited for high-resolution atomic spectroscopy, possessing output 
wavelengths which match many transitions of various atomic elements including sodium, 
rubidium, and uranium. 

Widespread use of broadly tunable laser diodes in low to moderate resolution 
spectroscopy applications requires fast, simple, and highly reliable tuning to arbitrary 
specified frequencies on demand. This may take the form of smooth, quasi-continuous 
tuning in wavelength, but for many applications step tuning is adequate. The well known 
problem is that laser diode chip modes, which have about a 1 cm-1 (30 GHz) mode 
spacing (Free spectral range) interfere with smooth tuning by an external cavity. Unless 
superb anti-reflection coatings are used on the output facet of the diode, it is difficult or 
impossible to tune the laser in between the longitudinal chip modes using the external 
cavity tuning element, which is typically a diffraction grating. Additional problems arise, 
at higher resolution, from discrete longitudinal external cavity modes, which may have 
-0.05 cm-1 spacing. 

Achieving a specified operation frequency involves tuning both the diode chip and 
the external cavity. The former may be accomplished by varying the chip temperature T 
(which can easily tune over several modes), the injection current i, or (less commonly) the 
mechanical stress applied to the device. Tuning the external cavity involves adjusting the 
grating angle and/or cavity length. For cavity designs using Fabry-Perot etalons as tuning 
elements, the etalon must also be tuned via gap size or tilt angle. 
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TUNABLE EXTERNAL CAVITY DIODE LASER 

« ■ 

This application claims priority from US provisional application number 
60/022,8 1 9 filed on July 26, 1 996 incorporated herein by reference! 

i 

FIELD OF THE INVENTION 

I 

This invention related to lasers. More particularly it relates to tunable, external 

t 

cavity lasers and laser systems. 

BACKGROUND OF THE INVENTION 

An external cavity laser or ECL, is a generic term for a configuration where the 
optical feedback path extends beyond the facets cr boundaries of an optical gain medium. 
It consists of an optical gain medium (a semiconductor diode laser), optics for coupling 
the output of the diode laser into the external cavity, one or more wavelength selective 
filters, and one or more mirrors for defining an external feedback path, possibly with a 
piezoelectric translator for fine tuning. The external cavity may also contain additional 
components such as polarization optics, beamsplitters, prisms, telescopes, etc. 

The purpose of the external cavity is to provide optical feedback to the laser to 
control its output characteristics. Some of the characteristics associated with an ECL are 
a reduction in threshold lasing current and line width, and longitudinal mode selection, and 
control of the lasing frequency. Solitary diode lasers, or diode lasers with no external 
reflectors, usually lase at the modes that are at their center of their gain curves. Only a 
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a table of operating characteristics. The length of the cavity may also be incremented and 
the system output recorded as an additional set of data in the table. 

The table of operating characteristics is then analyzed to obtain values of operating 
characteristics that result in the diode laser operating at a specific solitary longitudinal 
mode and frequency. These selected values are then used to operate the system in an 
autotuning fashion where a desired solitary longitudinal mode and frequency is achieved 
by setting the system to a selected discrete set of values in the table. The table is updated 
or refined as needed, for instance to compensate for system drift, by reacquiring all, or 
some, of the operating characteristics and reanalyzing the data. The selected values are 
also utilized to cause the system to scan a range of frequencies. 

At any time during the operation but particularly during calibration, the system 
output can be measured using a wavemeter, a plane Fabry-Perot etalon, a spherical Fabry- 
Perot etalon, a grating polychromator, an acousto-optical tunable filter, a spectrum 
analyzer or a Lyot-filter spectrometer. The important output characteristics are optical 

vex- 

power output and frequency. 
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Expert users commonly use these adjustments to achieve satisfactory laser tunes, 
with the help of diagnostic instruments and operator skill. Once set, short range tuning 
can be accomplished by several means. Very short tuning ranges can be accessed by 
varying the external cavity length via piezo devices or otherwise. Somewhat longer scans, 
of up to a half a chip mode or so, can be attained via variation of injection current. 
However, if this current tuning is not coordinated with the external cavity length, the tune 
will consist of a series of external cavity mode hops. 

SUMMARY OF THE INVENTION 

It is an object of the invention to perform an automated calibration procedure to 
characterize a standard, off-the-shelf diode laser in an ECL configuration and construct a 
wavelength tuning model. It is a further object of the invention to utilize the wavelength 
tuning model in normal operation to automate the ability to tune the system to any desired 
wavelength within the specification of the diode laser. 

The apparatus of the invention includes an external cavity laser system with a 
semiconductor diode laser, a temperature controller for the diode laser, a control for the 
laser injection current and a means for wavelength selection in the external cavity. The 
length of the external cavity may also be controlled. 

In order to automate system tuning in normal operation, a wavelength tuning 
model is developed. In order to develop the tuning model, the diode laser system, 
including the external cavity components, are characterized by measuring the system 
output over a desired range of operating parameters. This is accomplished by identifying 
the range of each operating characteristic: laser temperature, injection current and external 
cavity wavelength and using these ranges in a calibration procedure by incrementally 
stepping the system through each possible combination of values. At each step, the values 
are recorded along with the corresponding system output. The data is then assembled into 



WO 98/05105 PCT/US97/13152 



6 

wavelength. A fully detailed analysis by P. Zorabedian, "Axial-mode instability in tunable 
external-cavity semiconductor lasers", IEEE J. Quantum Electron. QE-30, p. 1542 (1994) 
takes into account both coupled cavity effects and non-linearity introduced by the 
dependence of the real and imaginary parts of the diode chip refractive index upon the 
optical field amplitude in the chip, which in turn depends upon the tune condition. These 
effects give rise to an optimal system tune in which the external cavity is slightly detuned 
from the nominal desired output frequency. Also, the system output frequency, for small 
EC tuning deviations about this optimum, tends to be 'pulled" toward this optimum by the 
influence of the chip mode. For sufficiently large EC detuning, the system output becomes 
unstable in both frequency and amplitude, eventually hopping to the adjacent chip mode. 

In the following discussion, the dependence of the effective refractive index of the 
gain medium upon the optical field amplitude is suppressed, and the external cavity tuning 
offsets are considered to be absorbed into the external cavity calibration parameters. The 
resulting tuning model therefore incorporates these effects implicitly. 

Laser tuning model 

The diode will lase at one of its natural longitudinal modes, given by 

m = 2n(o,T,i)/(T)o„ 0) 

where m is an integer mode number, n is the effective refractive index of the lasing 
medium, including both material index effects and waveguiding dispersion, / is the chip 
length, o B s 1/X„, is the lasing wavenumber in mode m, T is the chip temperature, and i is 
the injection current. Facet coating phase shifts are not explicitly included in (1), but are 
effectively absorbed into the effective index n. 

The product of n and /, otherwise known as the optical path length, is determined 

from: 

psn / = n(o,T,i)/(T) (2) 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic diagram of the external cavity laser system in accordance with the 
invention. 

Figure 2 is a plot of mode numbers vs dispersion factors. 

Figure 3 is a plot of diode chip optical path length vs wavelength, showing longitudinal 
modes. 

DETAILED DESCRIPTION OF THE INVENTION 

A schematic diagram of the external cavity laser system is shown in Figure 1. 

The diode laser 10 is mounted on a heatsink 20 whose temperature is controlled by 
a temperature control means 30. The diode laser injection current is controlled by the 
current control means 40. A collimating lens 50 transforms the Gaussian beam waist 
inside the laser to a larger beam waist incident on a diffraction grating 60. Lens 50 has 
anti-reflective coating to reduce any unwanted reflections which will affect the laser 
output. An intra-cavity beamsplitter 70 provides a spatially constant output beam 80. The 
diffraction grating 60 provides the optical filtering necessary for longitudinal chip mode 
selection. The filtering overcomes the laser's tendency to lase at the peak of its gain curve 
by increasing the loss of the cavity at frequencies away from the feedback frequency of the 
grating. A means for measuring the system output 90 as well as a means for controlling 
the system such as a digital computer 100 is provided. A means for varying the length of 
the external cavity 1 10 is also provided. 

Construction of the tuning model is separated into two parts, a model for the laser 
diode chip itself and a model for the external cavity. When both components have been 
tuned to the desired frequency together the system will lase reliably at the desired 
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The slope of the m vs 8(a) a m line gives an estimate for p 0 and the intercept on the 
m axis at [5(a) a ]=0 gives an estimate for m', allowing the assignment of absolute mode 
numbers m. With the mode nufnbers given absolute values, the linear regression line can 
be forced through the origin, the slope redetermined and the new slope value used for 
po(T,i). A fit to the mode data gives both absolute mode indices and a good estimate of 
the effective optical path length of the diode for the particular T and i used. 

The accuracy with which the slope and intercept can be determined is limited, 
especially for a diode with a short tuning range for which only a few dozen modes can be 
measured. Finding the zero wavenumber intercept amounts to a huge extrapplation, and 
the dispersion function will not be accurately known. As a result, the absolute mode order 
numbers assigned are likely to be in error by a few units or even tens of units. \ This 
probable error in m has little or no consequence, however, since the optical path length 
which is simultaneously determined is in error also, in just such a way as to yield a correct 
description of the device behavior over the actual tuning range. 

The model for the optical path is equation (3) with the following: 

Po(T,i) = P o(To,io){l + a(T-To) + P(i-io)} (7) 

Assuming that higher order terms or additional cross terms in T or i and 
wavenumber offset a - a<> are immaterial, the expanded version of equation (3) is: 

p(a,T,i)-6(a)po(To,io){ 1 + a(T-T 0 ) + P(i-io)} 

-1*CW (8) 

Fully characterizing the diode now requires determination of only four parameters: 
Po(To,io)» c 2> a, and p. Of these, only p 0 must be measured accurately, and will be subject 
to significant drift or aging. 

Assuming that C2, a, and p are insignificant, the first order cross terms Cja and C2P 
are negligible, so that the wavenumber dependence, the temperature dependence, and the 
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The wavenumber dispersion factor is removed: 

p(o,T,i) = po(T,i)6(o) 0) 

where the dispersion factor 6(0), nominally unity, is given by 

8(a) = { n(o, To, io) / n(o 0 , To, io) } < 4 ) 

and 

oO = nominal midrange value of wavenumber = 1 AD 
TO = nominal midrange temperature reference value 
iO = nominal current. 



(5) 
(5a) 



Equation (1) is now written as 
m = 2 p om = 2 pO(T,i) 8(0) am 
or m = 2 p / Xm 

The optical path length p 0 for a given diode is estimated from the observed modal 
wavenumbers, subject to the dispersion function. The dispersion is estimated from (4), 
using the known index dispersion of the diode material or a low order polynomial 
dispersion is selected that will fit (5). 

8(o)= l+c 2 (o-o 0 ) J + (6) 

Cj and p 0 are determined empirically by gathering data identifying the modal 
frequencies for as broad a range of consecutive modes as possible across the tuning 
range. An arbitrary m value m 1 is assigned to the first mode and consecutive m values 
m'+l, m ! +2, etc. to succeeding modes. A plot of m vs 8(a) a m . t is then produced as 
shown in Figure 2. Where the result is not a straight line, c 2 or higher order polynomial 
terms are adjusted to correct the linearity. 
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4. The optimum temperature function T opl (k) 9 which in turn requires gain or output 
power measurements. 

* 

5. The limiting allowed injection current values imi„(X) and i m „(X). 

6. The scalar chip parameters p 0 (T 0 , i 0 )> c 2 , a, and P defined above. 

7. The external cavity tune function G.(X T 0 ), which may be a table or analytic 
relationship, and its temperature coefficient (d8/dT), a system constant. 

Items 1-3 are determined from the diode laser specifications, items 4-5 are 
determined either manually or automatically and items 6-7 are computed automatically or 
semi-automatically from experimental data. 

The data to establish the above items is obtained from one large experimental run. 
The laser system as described above includes a means for measuring the system output 90 
(Figure 1) such as a wavemeter, a plane Fabry-Perot etalon, a spherical Fabiy-Perot 
etalon, a grating polychromator, an acousto-optical tunable filter, a spectrum analyzer or a 
Lyot-filter spectrometer. The important output characteristics are optical power output 
and frequency. The data set consists of a number of grating scans obtained for various 
fixed values of T and L These will normally be (T, i, 9) sets. For each point the optical 
power output and frequency are recorded. 

Most of the raw data obtained corresponds to out-of-tune conditions. Only those 
points for which both the chip and the external cavity are simultaneously in tune are 
subsequently utilized. The raw data contains the expected chip mode hops, with regions 
of smooth tuning, dominated by chip pulling. The mode hop points can be determined by 
existence of frequency anomalies due to multi-moding, discontinuities in the wavelength 
Xwm , or anomalies in the system power output. Identification of the mode hops is 
facilitated by the specification of the chip mode free spectral range because the mode hops 
occur at highly regular intervals. When required, information from multiple grating scans, 
corresponding to various T and i, is combined to provide a more coherent picture of the 
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current dependence are separable, resulting in this simple overall form for the optical path 
length of the laser diode chip: 

* 

p(o, T, i) = po(T 0 ,io) { 1 + c 2 (o - Oo ) 2 + a (T - To) + P (i - io) } (9) 

When (9) is combined with the mode.number expression (5), we have a composite 
picture of the laser diode operation, as shown in Figure 3. The outlined region represents 
the attainable optical path zone, which can be accessed via control of chip temperature and 
current (equation 9). The diagonal lines represent individual longitudinal chip modes, as 
given by equation (5). Any point along one of the mode solutions which is inside the 
outlined region is accessible, provided that there exists sufficient gain at trie corresponding 
wavelength. 

The tuning parameters of the external cavity are dependent on its optical design. 
This embodiment utilizes a Littrow grating design, where the grating angle is established 
via stepper motor control. The grating tune angle may be affected by environmental 
temperature but can be compensated by the following equation: 

— e = e(x,T) = e(x,To) + (de/dT)(T-T 0 ) 0<>) 

Where 6 is the grating angle. 

The functional relationship is determined experimentally and is expressed as a table 
or a polynomial fit. The assumption is that the diode temperature effect is small and can 
be represented adequately by a linear correction in G which is wavelength independent. 

The models are now used to characterize the system. The following parameters 
are determined: 

1. The nominal parameter values To, io, Co = 

2. The allowed tuning range (Xxin » ^m** )• 

3. The allowed discrete set of operating temperatures (Ti=T m i», Ta, .....T mil ) . 
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where the common offset Am is an integer to be determined. It may be positive or 
negative. 

The entire data set is used simultaneously to refine all the parameters by first 
computing the least squares regression estimates for p 0 . a, and P using a linear model 
derived from equations (5) and (9), for which, for the j* ideal operating point, the 
estimated wavelength is: 

Xj EST = (2/m j )p(A j WM ,T j ,ij) = 

po(To,io) { 1 + c 2 (1 Aj™ - oo ) 2 + a (Tj - To) + P (ij - io) } (13) 

These linear estimates for \j are used to fit the observed values, namely Xj** 4 
The fitting coefficients are simply 

Co = po 
Ci = po Ca 
C 2 = po a 
C 3 = po P 

Thus, given Co, ... C 3 from the regression it is trivial to compute po, c 2 , a and p. 

The parameters are further refined by computing the residual variance: 
Va» " ZC^j** 4 - if ) 2 » assigning the value of Am for which Va« is a minimum and 
adding the m jf TiMP values from equation (12) to provide definitive order numbers. 

To determine the grating calibration table, a set of (G,X,T) triplets is extracted from 
the set of ideal operating points and used to express the grating motor step as a 
polynomial in wavelength, with a linear term in T as in equation 10: 

e=e(x,T)=e 0 +ei(>.-Xo)+e 2 (\-Xo) 2 + + (de/dT)(T-T 0 ) (ioa) 

The coefficients Gi and (d8/dT) are determined in one global step by another least 
squares regression. 
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mode structure. The ideal operating points are located closest to the midpoint between 
mode hops. 

« 

Iterations of the raw data acquisition improves automatic and accurate selection of 
the ideal operating points. On subsequent passes there already exist approximations of the 
chip parameters and of the overall mode structure in wavelength, T, and i. This permits a 
global fit to the data set, using some measures of mode hopping, that are highly immune to 
local noise. 

The reduced data set of ideal operating points is stored in a smaller data structure, 
which need no longer be ordered in any particular way and is no longer associated with 
particular grating scans. The data is structured to allow introduction of additional data 
points such as variations in external cavity length or introduction of mode index numbers. 

The next step is to identify those ideal operating points in the data structure having 
the same mode number, and assign consecutive working values to adjacent modes. Upon 
completion, all modes have assigned m values, but all will contain an arbitrary common 
offset. Consecutive ideal operating points obtained from any one grating scan (increasing 
X) correspond to consecutive decreasing m values. The mode number offsets are then 
correlated between scans. Alternatively equation (5), together with equations (8) or (9), 
and initial estimates of pO, c2, a, and 0, are used to compute an estimated mode numb r 
M (a real number, not an integer) for each ideal operating point. These contain an offset, 
but are grouped together. Thus, even though the values realized are fractional and contain 
large offsets, the ideal operating points form readily identifiable groups and the relative 
order (sequence) of the associated mode numbers is evident. 

At this point, arbitrary temporary integer m values are assigned to each point. The 
actual m values are given by: 

mj = mjjEMP + Am 
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CLAIMS 

What is claimed is: 

1. An external cavity laser system comprising: 
a semiconductor diode laser, 

temperature control means for controlling temperature of said laser; 

current control means for controlling injection current of said laser, 

an external cavity having wavelength selection means, positioned to provide 
feedback to said laser; and 

means for controlling said temperature control means, said current control means 
and said wavelength selection means to obtain arbitrary frequencies of operation of the 
laser system within the tuning range of said laser. 

2. The system of claim 1, wherein said external cavity further comprises cavity length 
selection means and said control means further controls said cavity length selection means. 

3. The system of claim 2, wherein said control means includes varying means for 
varying selections made by said temperature control means, current control means, cavity 
length selection means and wavelength selection means in discrete increments, said system 
further comprising means for recording a set of discrete values corresponding to said 
increments and a corresponding system output of the laser system to form a table of 
operating characteristics. 

4. The system of claim 3, further comprising means for analyzing said table of 
operating characteristics to obtain values for laser temperature, laser injection current, 
cavity length and wavelength selection means that result in said semiconductor diode laser 
operating at a specific solitary longitudinal mode and frequency. 
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~ The open loop tune to an arbitrary specified wavelength \, mc . is then executed by 
determining whether falls within the accessible tuning range ( X*. , X«« ), selecting 
the ideal mode number for X,J , finding and its ideal mode number in the table of 
ideal operating characteristics and setting the system using those ideal data points. 
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11. The system of claim 10, further comprising means for analyzing said table of 
operating characteristics to obtain values for laser temperature, laser injection current and 
wavelength selection means that result in said semiconductor diode laser operating at a 
specific solitary longitudinal mode and frequency. 

12. The system of claim 1 1, wherein said control means further comprises means for 
utilizing said analyzed table of operating characteristics to cause the external cavity laser 
system to operate at a selected solitary longitudinal mode and frequency by selecting said 
discrete values for laser temperature, laser injection current and wavelength selected by 
said wavelength selection means. 

13. The system of claim 11, further comprising means for reacquiring at least a subset 
of said table of operating characteristics and analyzing said table or said at least a subset to 
account for changes in said external cavity laser system characteristics. 

14. The system of claim 1 1, wherein said control means further comprises means for 
utilizing said analyzed table of operating characteristics to cause the external cavity laser 
system to scan a range of frequencies. 

15. The system of claim 10, wherein the corresponding system output is measured 
using at least one of the group consisting of a wavemeter, a plane Fabry-Perot etalon, a 
spherical Fabry-Perot etalon, a grating polychromator, an acousto-optical tunable filter, a 
spectrum analyzer and a Lyot-filter spectrometer. 

16. The system of claim 10, wherein the corresponding system output measured is at 
least one of optical power output and frequency. 

17. The system of claim 1, where said semiconductor diode laser is a Fabry-Perot laser 
in which the output facet anti-reflection coating is not optimized. 
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5. The system of claim 4, wherein said control means further comprises means for 
utilizing said analyzed table of operating characteristics to cause the external cavity laser 
system to operate at a selected-solitary longitudinal mode and frequency by selecting said 
discrete values for laser temperature, laser injection current, cavity length and wavelength 
selection means. 

6. The system of claim 4, further comprising means for reacquiring said table of 
operating characteristics or a subset of said table and analyzing said table or said subset at 
a later time to account for changes in said external cavity laser system characteristics. 

7. The system of claim 4, wherein said control means further comprises means for 
utilizing said analyzed table of operating characteristics to cause the external cavity laser 
system to scan a range of frequencies. 

8. The system of claim 3, wherein the corresponding system output is measured using 
at least one of the group consisting of a wavemeter, a plane Fabry-Perot etalon, a 
spherical Fabry-Perot etalon, a grating polychromator, an acousto-optical tunable filter, a 
spectrum analyzer and a Lyot-filter spectrometer. 

9. The system of claim 3, wherein the corresponding system output measured is at 
least one of optical power output and frequency. 

1 0. The system of claim 1, wherein said control means includes varying means for 
varying selections made by said temperature control means, current control means, and 
wavelength selection means in discrete increments, said system further comprising means 
for recording a set of discrete values corresponding to said increments and a 
corresponding system output of the laser system to form a table of operating 
characteristics. 
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23. The method of claim 21, further comprising reacquiring at least a subset of said 
table of operating characteristics and analyzing said at least a subset to account for 
changes in said external cavity laser system characteristics. 

24. The method of claim 21, further comprising utilizing said analyzed table of 
operating characteristics to cause the external cavity laser system to scan a range of 
frequencies. 

25. The method of claim 20, wherein the corresponding system output is measured 
using at least one of the group consisting of a wavemeter, a plane Fabry-Perot etalon, a 
spherical Fabry-Perot etalon, a grating polychromator, an acousto-optical turlable filter, a 
spectrum analyzer and a Lyot-filter spectrometer. 

26. The method of claim 20, wherein the corresponding system output measured is at 
least one of optical power output and frequency. 

27. The method of claim 1 8, further comprising varying values for said temperature 
control means, current control means and wavelength selection means in discrete 
increments and recording a set of discrete values with a corresponding system output of 
the external cavity laser system to form a table of operating characteristics. 

28. The method of claim 27, further comprising analyzing said table of operating 
characteristics to obtain values for laser temperature, laser injection current and 
wavelength selection means that result in said semiconductor diode laser operating at a 
specific solitary longitudinal mode and frequency. 

29. The method of claim 28, further comprising utilizing said analyzed table of 
operating characteristics to cause the external cavity laser system to operate at a selected 
solitary longitudinal mode and frequency by selecting said discrete values f r laser 
temperature, laser injection current and wavelength selected by said wavelength selection 
means. 
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1 8. In an external cavity laser system comprising a semiconductor diode laser, 
temperature control means for controlling temperature of said laser, current control means 
for controlling injection current' of said laser and an external cavity having wavelength 
selection means, positioned to provide positive feedback to said laser, 

a method for characterizing said semiconductor laser diode comprising: 



trolling said laser temperature, said laser injection current and said wavelength 
selection means to obtain arbitrary frequencies within the tuning range of said laser. 



con 



19. The method of claim 1 8, wherein said external cavity further includes cavity length 
selection means, further comprising controlling said cavity length selection means. 

20. The method of claim 19, further comprising varying values for said temperature 
control means, current control means, cavity length selection means and wavelength 
selection means in discrete increments and recording a set of discrete values with a 
corresponding system output of the external cavity laser system to form a table of 
operating characteristics. 

21 The method of claim 20, further comprising analyzing said table of operating 
characteristics to obtain values for laser temperature, laser injection current, cavity length 
and wavelength selection means that result in said semiconductor diode laser operating at 
a specific solitary longitudinal mode and frequency. 

22. The method of claim 21 , further comprising utilizing said analyzed table of 
operating characteristics to cause the external cavity laser system to operate at a selected 
solitary longitudinal mode and frequency by selecting said discrete values for laser 
temperature, laser injection current, cavity length and wavelength selection means. 



BNSDOCID: <WO 9805 1 05 A 1 I > 



WO 98/05105 



PCT/US97/13152 



19 



30. The method of claim 28, further comprising reacquiring at least a subset of said 
table of operating characteristics and analyzing said at least a subset to account for 
changes in said external cavity laser system characteristics. 

31. The method of claim 28, further comprising utilizing said analyzed table of 
operating characteristics to cause the externa! cavity laser system to scan a range of 
frequencies. 

32. The method of claim 27, wherein the corresponding system output is measured 
using at least one of the group consisting of a wavemeter, a plane Fabry-Perot etalon, a 
spherical Fabry-Perot etalon, a grating polychromator, an acousto-optical tunable filter, a 
spectrum analyzer and a Lyot-filter spectrometer. 

33. The method of claim 27, wherein the corresponding system output measured is at 
least one of optical power output and frequency. 

34. The method of claim 18, where said semiconductor diode laser is a Fabry-Perot 
laser in which the output facet anti-reflection coating is not optimized. 



I 




WO 98/05105 



PCT7US97/13152 




SUBSTITUTE SHEET (RULE 26) 



I 




i 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US97/ 13152 



A. CLASSIFICATION OF SUBJECT MATTER 
1PC(6) :H01S 3/10 

Ac^rdtg to ^mtional Patent Cbssification (IPC) or to both national classification and IPC 



a FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 372/20, 36, 38, 96, 102 



DocumenUtion searched other than minimum 



documentation to the extent that such documents arc included in the fields searched 



Electronic dats base consulted during the international search (i 
APS 



search (name of data base and, where practicable, search terms used) 



C DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



Y 
Y 
Y 



US 5,230,005 A (RUBINO ET AL) 20 July 1993 (20/07/93), see the 
entire document. 

US 5,383,208 A (QUEN1AT ET AL) 17 January 1995 (17/01/95), 
see the entire document. 

US 5,420,877 A (SANDSTROM) 30 May 1995 (30/05/95), see the 
entire document. 

US 5,511,086 A (SU) 23 April 1996 (23/04/96), see the entire 
document. 



1-34 

1,34 
1-34 
1-34 



□ further documents arc fated in ihe continuation of Box C. □ Sec patent famUy annc», 



•O* 

r 



Date 



Special catrftorMi of cited document* 

document definin 8 ihe I «•« of ihe en which ii noi eoniidered 
to b« of particular filrvance 

•vImt document pubh.hed on of afur the tniemeuonel Qin| dale 
document whkh may ih/ow doubu on priority ctaemlai or which a 
ciud to oiteblNb iht publication date of another ciiauon or other 
•peciel imim <at apecified) 

document f.f«rin$ to to oral dUcloeure. ute. exhibition or olhei 

document publUhed prior to the mtemation.1 films date bui later than 
the priority dale claimed 

of ihe actual completion of the internalional search 



18 NOVEMBER 1997 

Name and mailing address of the ISA/US 
Commissioner of Talents and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 305-3230 



Utcr document publiihed after the international Tiltiuj dele «P"^> 
date end not in conflict with iht appbceiioa but dtod to undenund 
the principle or theory imderryin| Ihe ineemion 

document of particular re1e»er»ee; the elewed invention einnol be 
cZdcrcd noT.1 or onnot be eonaidered to imcl*. » «i««U*. .up 
when the document dU.tn etooe 

document of particular relevance; Ihe clewoed * 
co,».dercd to invoh-e »n imentiM atop when ihe documtitt » 
combined with one or more other euch document., luch combwouon 
bcinft ob*tou» to ■ pereon skilled in the en 

document member of Ihe unt patent family 

Date of mailing of the international search report 

0 4 DEC 1997, 

iriWncer f\sy , 



Auth 



^elephonc 



No. (700) 308-4880 



Form PCT/ISA/2I0 (second sheet)(July 1992)* 



